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The effect of human population subdivision on linkage disequilibrium has previously been studied for unlinked
genes. However, no study has focused on closely linked polymorphisms or formally partitioned linkage
disequilibrium within and among worldwide populations. With an emphasis on population subdivision, the goal
of this paper is to investigate the causes of linkage disequilibrium in ALDH2, the gene that encodes aldehyde
dehydrogenase 2. Haplotypes for 756 people from 17 populations across five continents were estimated by
maximum-likelihood from genotypes at six closely linked ALDH2 nucleotide substitutions. Linkage disequilibrium
was partitioned into three components: within populations, among populations within continents, and among
continents. It was found that population subdivision among continents had a larger and more disparate effect
on linkage disequilibrium than subdivision among local populations. Further, linkage disequilibrium did not
increase with population divergence as predicted by a simple model. Rather, the patterns of linkage
disequilibrium were complicated because of the interplay of a near absence of recombination, the linkage
disequilibrium that existed prior to the divergence of modern humans, subsequent mutation, population
subdivision, random genetic drift, and perhaps natural selection. These results suggest that simple models may
not well predict patterns of linkage disequilibrium in human populations.

Linkage disequilibrium is the nonrandom association
of alleles at different loci. In an ideal population at
equilibrium, linkage disequilibrium is predicted to ap-
proach zero at a rate dependent on the recombination
fraction. However, linkage disequilibrium can be gen-
erated by genetic drift (Hill and Robertson 1968),
population subdivision (Nei and Li 1973), natural se-
lection (Lewontin 1964), and mutation (Ohta
1982a,b). Because of this, it is not surprising that com-
plicated patterns of linkage disequilibrium are ob-
served in human populations (Jorde et al. 1994;
Lewontin 1995; Clark et al. 1998).

Despite the complexity of observed patterns, sev-
eral expectations have emerged. One is that linkage
disequilibrium is expected to peak near a disease gene
when the disease allele is rare (Ajioka et al. 1997). Ap-
plication of this principle led to the positional cloning
of the genes for cystic fibrosis (Kerem et al. 1989) and
diastrophic dysplasia (Hästbacka et al. 1992, 1994). An-
other expectation is that linkage disequilibrium be-
tween a frequent disease allele and alleles at marker
loci may be best preserved in a small, constant-sized
population (Laan and Pääbo 1997, 1998; Terwilliger et
al. 1998). However, recent theoretical work challenges
this view for frequent alleles (Lonjou et al. 1999). With
respect to population subdivision, while linkage dis-
equilibrium is expected to vary among subdivisions of

finite size, the average among subdivisions is expected
to be zero (Hill and Robertson 1968). Finally, the vari-
ance of linkage disequilibrium is expected to increase
with population subdivision and to decrease with mi-
gration (Ohta 1982a).

For pairs of unlinked genes the effect of popula-
tion subdivision on linkage disequilibrium has been
studied in the Tecumseh, Michigan population (Sin-
nock and Sing 1972) and within South American In-
dian villages (Smouse and Neel 1977; Smouse et al.
1983). In both studies an excess number of statistically
significant values were attributed to the populations
being recently founded by migrants from source popu-
lations that differed in allele frequency. In addition,
Smouse and colleagues (Smouse and Neel 1977;
Smouse et al. 1983) found that the effect of population
subdivision on linkage disequilibrium was greater
among clusters of villages than among local villages.

For pairs of closely linked polymorphisms, three
studies have examined linkage disequilibrium in
worldwide samples. Castiglione et al. (1995) investi-
gated alleles at a dinucleotide short tandem repeat
polymorphism (STRP) and two restriction site poly-
morphisms (RSPs) in DRD2. Tishkoff et al. (1996, 1998)
examined alleles at a pentanucleotide STRP and an Alu
deletion polymorphism in CD4, and a trinucleotide
STRP, an Alu deletion polymorphism, and two RSPs in
DM. All three studies found that African populations
had many haplotypes and low levels of linkage disequi-
librium. In contrast, nonAfrican populations had a
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subset of the African haplotypes and almost complete
linkage disequilibrium. These results were attributed to
a founder event at the time modern humans emigrated
from Africa.

The goal of this paper is to investigate the causes of
worldwide linkage disequilibrium in ALDH2, the gene
that encodes aldehyde dehydrogenase 2. ALDH2 is lo-
cated on chromosome 12q24.2 (Raghunatan et al.
1988) and spans 44 kb (Hsu et al. 1988). Haplotypes
were estimated from alleles at six biallelic sites within
ALDH2 (Fig. 1) that were genotyped in 756 people from
17 populations across five continents (Peterson et al.
1999). ALDH2 has a dominant deficiency allele that is
frequent in, but private to, Asia (Yoshida et al. 1984).
The deficiency allele is of interest because natural se-
lection in the form of conferring resistance to parasite
infection may have preserved this allele in Asia (Ikuta
et al. 1986; Goldman and Enoch 1990; R.J. Peterson, D.
Goldman, and J.C. Long, in prep.).

RESULTS

Allele and Haplotype Frequency
The allele frequencies at each site and in each popula-
tion are shown in Table 1. Examination of the mul-
tisite homozygotes and single-site heterozygotes
yielded seven directly observed haplotype states. The
maximum-likelihood frequency estimates of these
haplotypes and their jackknife standard errors are
tabulated in Table 2. Below, haplotype states are given
within brackets. A 1 represents the reference allele, and
2 represents the variant allele. The alleles are ordered
by site where the sites are in the order 1, 2, 3, 5, 6, and
12. For brevity, each haplotype state is designated by a
number and the letter H. The site and haplotype num-
bers are from Peterson et al. (1999).

Three haplotypes had worldwide distribution: H1
[111111], H2 [211111], and H3 [122121] (Fig. 2). Of
note, the frequencies of H1 and H2 were nearly re-
versed in the African Biaka and in Europeans and the
variant alleles at sites 2, 3, and 6 usually co-occurred.
Although H4 [111212] was private to Asia, it attained a
frequency of 25% in the Chinese, Taiwanese of Chi-

nese descent, and Japanese. H4 carried the deficiency
allele as well as the usually co-occurring variant at site
5. The high frequency of H4 in Asia appears to have
come about largely at the expense of H1. The com-
bined frequency of H1 and H4 in Asia is 67.9%, almost
identical to the 66.7% frequency of H1 in the African
Biaka. The remaining haplotypes were observed in
single copy only: H6 [111121] in the African Biaka, H8
[111211] in the Chinese and H9 [111112] in the Japa-
nese.

Population Divergence
The variants at the six sites naturally formed three
groups of sites: site 1; sites 2, 3, and 6; and sites 5 and
12. Sites within each group yielded nearly identical al-

lele frequency distributions and
fixation indices. Fixation indices
(Wright 1978), or F-statistics,
measure population divergence
as the among group proportion
of the total allele frequency vari-
ance. To avoid redundancy the
F-statistics are not reported indi-
vidually but rather for each
group of sites. F-statistics were
calculated for local populations
relative to continental average,
continental average to world-

Figure 1 ALDH2 genomic structure and variable sites. Solid segments are exons; open segments
are introns. Numbers indicated the variable sites that were genotyped in the worldwide survey. (d)
Nucleotide substitutions.

Table 1. Frequency of the Variant Allele (@1000)
at Six Sites in 17 Worldwide Populations

Populations 2N

Site

1 2 3 5 6 12

Biaka 102 98 225 225 0 235 0
Africa 102 98 225 225 0 235 0

Cambodian 48 146 188 188 146 188 146
Chinese 94 106 170 170 309 170 298
Japanese 98 163 102 102 276 102 286
S. Korean 80 162 175 175 113 175 113
Taiwanese 86 116 233 233 267 233 267
Black Thai 100 140 230 230 60 23 60
Asia 506 138 182 182 200 182 200

CEPH 64 766 219 219 0 219 0
Finn 82 793 195 195 0 195 0
Swede 90 844 144 144 0 144 0
Europe 236 805 182 182 0 182 0

Cheyenne 102 647 88 88 0 88 0
Mayan 100 510 110 110 0 11 0
Navajo 92 815 76 76 0 76 0
Pima 90 556 233 233 0 233 0
N. America 384 630 125 125 0 125 0

Karitiana 98 571 194 194 0 194 0
R. Surui 88 943 11 11 0 11 0
Ticuna 98 541 235 235 0 235 0
S. America 284 676 151 151 0 151 0

World 1512 465 165 165 67 165 67
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wide average, and local populations to worldwide av-
erage. In the following, S indexes local populations, C
indexes continental averages, and T indexes the world-
wide average.

At site 1, allele frequency differences among local
populations resulted in an FSC of 8% (Table 3). Allele
frequency differences among continents resulted in an
FCT of 37%. The divergence among all sub-populations
(FST) was 42%. Because of the almost one-to-one cor-

respondences between haplo-
type frequency and variant al-
lele frequency, these F-statistics
can also be explained in terms
of the haplotype frequency
variation. At site 1, the F-
statistics largely reflect the H1
and H2 frequency reversal in
the African Biaka and the Euro-
peans.

Sites 2, 3, and 6 contrasted
the frequency of H3 with H1,
H2, and H4. Reflecting the low
frequency variation of H3
among populations FSC was
3%, FCT was 0%, and FST was
3%. Sites 5 and 12 contrasted
H4 with H1, H2, and H3. Here,
FSC was 12%, FCT was 17%, and
FST was 27%. These latter F-
statistics were due entirely to
the restriction of H4 and the de-
ficiency allele to Asia. Treating
the haplotypes as multiple alle-
les at a single locus, the haplo-
typic FSC was 5.9%, FCT was
24.4%, and FST was 28.8%. Here
too the low frequency variation
of H3 among populations con-
tributed little to these values.

As the jackknife standard
errors indicate (Table 3), the
confidence intervals for FSC of-
ten overlap zero but those of
FCT or FST usually do not. This
result indicates that subdivision
among continents has played
the more important role in di-
vergence of allele and haplo-
type frequencies. As indicated
by their standard errors, FST val-
ues for site 1 (42%) and for sites
5 and 12 (27%) were signifi-
cantly larger than the 10%—
15% FST values usually reported
for RSPs (Bowcock et al. 1991;
Jorde et al. 1995). Such large

values may be due to random genetic drift, natural
selection, or both.

Two-Site Linkage Disequilibrium Analysis

The linkage disequilibrium coefficient (DA1B1
) com-

pares haplotype frequency (PA1B1
) with the product of

the allele frequencies (pA1
and qB1

). That is, DA1B1
= PA1B1

1 pA1
qB1

(Weir 1996). Hereafter D is given without any

Table 2. Estimated Frequency of Unique ALDH2 Haplotypes (@1000) and Jackknife
SE in 17 Worldwide Populations

Populations 2N

Haplotypesa

H1 H2 H3 H4 H6 H8 H9

Biaka 102 667 98 225 0 10 0 0
(52) (32) (40) (0) (10) (0) (0)

AFRICA 102 667 98 225 0 10 0 0
(48) (29) (41) (0) (10) (0) (0)

Cambodian 48 542 137 176 145 0 0 0
(114) (92) (81) (48) (0) (0) (0)

Chinese 94 415 106 170 298 0 11 0
(49) (37) (39) (47) (0) (11) (0)

Japanese 98 449 163 102 276 0 0 0
(51) (36) (28) (46) (0) (0) (10)

S. Korean 80 550 163 175 112 0 0 0
(60) (46) (40) (36) (0) (0) (0)

Taiwanese 86 384 116 233 256 0 0 0
(52) (35) (46) (47) (0) (0) (0)

Black Thai 100 570 140 230 60 0 0 0
(51) (35) (46) (23) (0) (0) (0)

ASIA 506 481 136 179 198 0 2 2
(22) (15) (17) (18) (0) (2) (2)

Ceph 64 16 766 218 0 0 0 0
(16) (54) (49) (0) (0) (0) (0)

Finn 82 12 793 195 0 0 0 0
(13) (47) (47) (0) (0) (0) (0)

Swede 90 11 844 145 0 0 0 0
(11) (34) (36) (0) (0) (0) (0)

EUROPE 236 13 805 182 0 0 0 0
(7) (26) (25) (0) (0) (0) (0)

Cheyenne 102 265 647 88 0 0 0 0
(49) (53) (28) (0) (0) (0) (0)

Mayan 100 380 510 110 0 0 0 0
(52) (55) (32) (0) (0) (0) (0)

Navajo 92 109 815 76 0 0 0 0
(34) (39) (27) (0) (0) (0) (0)

Pima 90 211 556 233 0 0 0 0
(43) (53) (44) (0) (0) (0) (0)

N. AMERICA 384 245 555 200 0 0 0 0
(22) (25) (17) (0) (0) (0) (0)

Karitiana 98 235 571 194 0 0 0 0
(37) (47) (40) (0) (0) (0) (0)

R Surui 88 45 943 11 0 0 0 0
(23) (23) (12) (0) (0) (0) (0)

Ticuna 98 224 541 235 0 0 0 0
(34) (44) (41) (0) (0) (0) (0)

S. AMERICA 284 173 676 151 0 0 0 0
(22) (28) (21) (0) (0) (0) (0)

WORLD 1512 302 446 183 66 1 1 1
(12) (13) (9) (6) (1) (1) (1)

aWith 1 as the reference allele, the haplotype configurations are H1: 111111; H2: 211111;
H3: 122121; H4: 111212; H6: 111121; H8: 111211; and H9: 111112.
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subscripts when the argument pertains to a pair of al-
leles at any two sites. Because D depends on allele fre-
quency, it was normalized to the maximum that it
could have been given the allele frequencies: D8 =
D/Dmax (Lewontin 1964). It was also normalized to the
following correlation coefficient (Hill and Robertson
1968):

rA1B1
= DA1B1/=pA1

pA2
qB1

qB2

Within each population D8 was 11.0 or +1.0. This out-
come is consistent with the fact that the variability at

all six sites was essentially carried on only four haplo-
types. The approximate variance of D8 is 0 when
D8 = 11.0 or +1.0 (Zapata et al. 1997), making these D8

values statistically significant. The correlation coeffi-
cient (r) results are given in Table 4. For pairings that
involve site 1, r was relatively low except in the Euro-
peans. The Europeans were unique in that only two
haplotypes dominated the frequency spectrum. Low r
values were also observed for the 2, 3, 6 versus 5, 12
pairing in Asia. In contrast, and concordant with the
usual co-occurrence of alleles at sites 2, 3, and 6, and at
sites 5 and 12, the r values for pairings within these
groups were at or near unity.

In a subdivided population, the total linkage dis-
equilibrium (DT) can be partitioned into additive com-
ponents using a hierarchical model (Nei and Li 1973).
Here DT was partitioned into DW + DSC + DCT where
DW is the average linkage disequilibrium within popu-
lations, DSC is the linkage disequilibrium among local
populations, and DCT is the linkage disequilibrium
among continents. DW, DSC, and DCT were then nor-
malized to DT to obtain dW, dSC and dCT. Interestingly,
DSC and DCT depend solely on allele frequency differ-
ences among groups (Nei and Li 1973). Consequently
allelic divergence among populations can increase, de-
crease, or leave unchanged linkage disequilibrium.

Figure 2 Allele and haplotype frequencies. (A) Frequency of the variant (minor) allele at each site in each population. The alleles are
colored to match the corresponding haplotypes depicted in B. The order of populations is the same as B. (B) Hpalotype frequencies in each
population. H1 = H6 + H8 + H9.

Table 3. Fixation Indices and Jackknife Standard Errors

Sitesa
FSC
(%)

FCT
(%)

FST
(%)

1 8 37 42
(5) (7) (8)

2,3,6 3 0 3
(2) (1) (1)

5,12 12 17 27
(5) (5) (4)

Haplotypes 6 24 29
(3) (3) (4)

aSee text for details.
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The partitioning of worldwide ALDH2 linkage dis-
equilibrium revealed that linkage disequilibrium
within populations (dW) usually accounted for most of
the total linkage disequilibrium (Table 5). In addition,
the effect of population subdivision was greater and
more disparate among continents (dCT) than among
local populations (dSC). Specifically, dSC ranged from
just 1% to 6% whereas dCT ranged from 110% to 70%.
The dCT values can be explained by the fact that large
among group values require large allele frequency dif-
ferences at both sites of the two-site haplotype (Sin-
nock and Sing 1972). As indicated by the jackknife
standard errors, all of the dSC and dCT estimates were
significantly different from 0. It can be concluded that
population subdivision, both among local populations
and among continents, had a significant effect on the
worldwide linkage disequilibrium.

The within-population r2 values (computed from
Table 4) were plotted against the haplotypic FSC and
FCT values (Fig. 3). These values were then compared
with Hill and Robertson’s (1968) model of population
divergence, which predicts that linkage disequilibrium
increases with FST (broken line). The ALDH2 r2 values
ranged from well below to almost as far above the pre-
dicted line as was possible. Clearly, the model of Hill
and Robertson (1968) did not fit the ALDH2 data well.
This result is perhaps not surprising given that this

island model assumed a large population initially in
linkage equilibrium, equality of population sizes, and
the absence of mutation and natural selection. The
evolutionary history of ALDH2 likely violates several if
not all of these assumptions. Furthermore, Hill and
Robertson’s model assumed that the product of effec-
tive population size multiplied by the recombination
rate was large. This is not likely for the closely linked
sites surveyed here.

DISCUSSION
A striking pattern of ALDH2 haplotypic variation was
the maximal linkage disequilibrium and correspond-
ing low number of haplotypes. While the number of
haplotypes that segregate at a locus depends on his-
torical effective population size and natural selection,
combinatorics show that there are 2s possible haplo-
type states from s biallelic sites. From a related perspec-
tive, the cladistic model of haplotype evolution pre-
dicts that s + 1 haplotypes must have existed in evolu-
tionary history to establish variability at each site.
These primary haplotypes create a network of haplo-
types that differ from each other by single mutational
steps (Long et al. 1990). Some or all of the remaining
2s 1 s 1 1 haplotype states could exist in a population
because of recombination.

At ALDH2, 26 = 64 haplotype states are possible,
but only seven states were observed and only four were
frequent. At least 6 + 1 = 7 one-step haplotypes must
have existed in evolutionary history. However, it is im-
possible that the seven observed haplotypes comprise
the primary set. H3 differs from H1 at three sites, and
the two intermediate one-step haplotypes are com-
pletely, or essentially, missing. Whereas H6 provides
an intermediate link at one of the steps, only a single
copy was observed and it may have arisen by recom-
bination. Similarly, H4 differs from H1 at two sites.
Although H8 and H9, each observed in single-copy,

Table 5. Partition of Worldwide ALDH2 Linkage
Disequilibrium: Estimates and Jackknife Standard Errors

Two-site
systemsa

Linkage disequilibrium components

dW
(%)

dSC
(%)

dCT
(%) DT

1–2,3,6 88 6 6 10.08
(2.0) (1.0) (3.0)

2,3,6 96 3 1 0.14
(0.3) (0.3) (0.2)

1–5,12 29 1 70 10.03
(1.0) (0.3) (2.0)

2,3,6–5,12 104 6 110 10.01
(4.0) (2.0) (4.0)

5,12 81 5 14 0.06
(1.0) (1.0) (1.0)

aSee text for details.

Table 4. Two-Site ALDH2 Linkage Disequilibrium
Correlation Coefficients (r) in 17 Worldwide Populations

Population

Two-site haplotype systemsa

1–2,3,6 2,3,6 1–5,12 2,3,6–5,12 5,12

Biaka 10.18 0.98 — — —
Africa 10.18 0.98 — — —

Cambodian 0.01 1.00 10.17 10.20 1.00
Chinese 10.16 1.00 10.23 10.30 0.97
Japanese 10.15 1.00 10.27 10.21 0.97
S. Korean 10.20 1.00 10.17 10.18 1.00
Taiwanese 10.20 1.00 10.22 10.33 1.00
Black Thai 10.22 1.00 10.01 10.14 1.00
Asia 10.17 1.00 10.20 10.24 0.99

Ceph 10.96 1.00 — — —
Finn 10.96 1.00 — — —
Swede 10.96 1.00 — — —
Europe 10.96 1.00 — — —

Cheyenne 10.42 1.00 — — —
Mayan 10.36 1.00 — — —
Navajo 10.60 1.00 — — —
Pima 10.61 1.00 — — —
N. America 10.49 1.00 — — —

Karitiana 10.57 1.00 — — —
R. Surui 10.43 1.00 — — —
Ticuna 10.60 1.00 — — —
S. America 10.61 1.00 — — —

aSee text for details.
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connect H4 and H1 by single steps, at least one of these
haplotypes must have been formed by recombination,
and it is possible that both were. Thus, three of the
seven one-step haplotypes were essentially, or entirely,
missing. In humans, one-step haplotypes are fre-
quently missing, as evidenced by b-globin (Harding et
al. 1997) and NF1 (Jorde et al. 1993) haplotype phy-
logenies.

The number of segregating haplotypes at ALDH2
may be due to natural selection at ALDH2 (R.J. Peter-
son, D. Goldman, and J.C. Long, in prep.) or selection
on a closely linked gene. A coalescent analysis of the
ALDH2 haplotype phylogeny suggests that, given a
neutral model, the age of the deficiency allele is ex-
pected to be 149,000 (35,000–416,000) years (R.J. Pe-
terson, D. Goldman, and J.C. Long, in prep.). Such an
ancient apparent age rivals the origin of modern hu-
mans and predates the colonization of Asia. This sug-
gests that natural selection has increased the frequency
of the deficiency allele in Asia faster than expected

under a neutral model, and directional selection can
reduce the number of haplotypes at a locus. Alterna-
tively, the low number of ALDH2 haplotypes could be
the result of a population bottleneck that is recent rela-
tive to the mutation rate.

Because only one African population was sampled,
a complete understanding of the African versus non-
African patterns of ALDH2 haplotype variation awaits
the sampling of more African populations. Specula-
tively, the fact that the African Biaka shared the world-
wide pattern of linkage disequilibrium at sites 2, 3, and
6 suggests that the pattern arose before the divergence
of modern humans and has not subsequently decayed.
An absence of a strong out-of-Africa effect at ALDH2 is
hinted by the similarity of the H1 frequency in the
Biaka with the H1 + H4 frequency in Asia. Interest-
ingly, while the variants at sites 5 and 12 were in com-
plete linkage disequilibrium, their presence only in
Asia indicates a recent Asian origin and perhaps natu-
ral selection. Thus, the African versus non-African pat-
tern at ALDH2 may contrast with DRD2, CD4, and DM.
At these latter loci non-Africans had higher linkage dis-
equilibrium and segregated a subset of African haplo-
types (Castiglione et al. 1995; Tishkoff et al. 1996;
1998). However, this pattern was not as extreme at
DRD2. This suggests that an out-of-Africa effect had
less effect at DRD2 than at CD4 and DM.

These distinct patterns of linkage disequilibrium
have several explanations. An out-of-Africa founder
event may by chance have had less effect at ALDH2, or
natural selection could have been stronger. In contrast
to the other loci, the ALDH2 haplotypes did not com-
prise STRP alleles. The STRP mutation rate is several
orders of magnitude higher than the nucleotide sub-
stitution rate (Weber and Wong 1993). Because of this,
STRPs may better resolve recent human evolution.
Whatever the explanation, these divergent results sug-
gest that patterns of linkage disequilibrium vary across
the human genome.

In addition, the ALDH2 evidence suggests that the
pattern of linkage disequilibrium at any set of closely
linked sites may depend on the pattern of linkage dis-
equilibrium that existed in ancestral populations. Be-
cause each gene may have had a unique pattern of
linkage disequilibrium in ancestral populations, the ef-
fect of population subdivision at individual genes may
be idiosyncratic. This insight contrasts with the situa-
tion of unlinked genes (Smouse and Neel 1977; Smouse
et al. 1983). Because unlinked genes have a low covari-
ance of allele and haplotype frequency, a particular
pattern of allelic divergence can occur from many dif-
ferent starting haplotype distributions. Thus, while the
effect of population divergence on ALDH2 is likely to
be locus dependent, the effect of population diver-
gence on unlinked genes is likely to be independent of
the particular set of loci studied.

Figure 3 Contrast of population divergence with variance
of linkage disequilibrium. Fsc (0.06) is contrasted with the within-
population r2 values, and FCT (0.24) is contrasted with the con-
tinental r2 values. (Broken line) Relationship between Fst and r2

predicted from the model of Hill and Robertson (1968). (j) Pre-
dictions for Fst = 0.06 and Fst = 0.24. (s) Site 1 vs. 2, 3, 6 (Africa
and Asia), site 1 vs. 5, 12 (Asia); and sites 2, 3, 6 vs. 5, 12 (Asia)
(h) Site 1 vs. 2, 3, 6 (Americas); (n) site 1 vs. 2, 3, 6 (Europe); (L)
sites 2, 3, 6 (Africa, Europe, Asia, Americas); site 5 vs. 12 (Asia)
(note that each L accounts for several data points; see text for
details).
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The importance of ancestral linkage disequilib-
rium to current patterns has recently received theoreti-
cal treatment (Lonjou et al. 1999). These investigators
showed that for ancient polymorphisms linkage dis-
equilibrium is largely determined by regional founders,
whereas subsequent demography has little effect. This
theory was supported by data at the MNSs, RHCE, and
CD4 loci. Of implication to genetic epidemiologists,
and contrary to current belief (Terwilliger et al. 1998),
is that isolates may actually be less advantageous than
large populations for linkage disequilibrium studies
(Lonjou et al. 1999).

Another important insight is that patterns of link-
age disequilibrium may vary within a set of closely
linked sites. At ALDH2, the effect of population subdi-
vision varied greatly depending on the groups of sites
that were compared. This complicated pattern reiter-
ates that linkage disequilibrium among populations is
not a simple function of population divergence (Nei
and Li 1973). Distinct patterns of linkage disequilib-
rium were also observed among tightly linked sites in
the AI–CIII apolipoprotein gene region (Thompson et
al. 1988). Specifically, linkage disequilibrium was
found between two flanking RSPs but not with an in-
ternal RSP. In this case, the power to detect linkage
disequilibrium was low because the major allele of
each flanking RSP occurred with the rare allele of the
internal RSP (Thompson et al. 1988). These results sug-
gest that patterns of linkage disequilibrium in a gene
region may not be fully described by analyzing a single
pair of sites. Rather, the proper characterization of link-
age disequilibrium may require the examination of al-
leles at several sites. This same conclusion was reached
in a linkage disequilibrium analysis of 88 variable sites
in the human lipoprotein lipase gene (Clark et al.
1998).

Population subdivision clearly affected the world-
wide pattern of ALDH2 linkage disequilibrium. Linkage
disequilibrium among local populations and among
continents was significantly different from zero. The
magnitude of this effect was greater among continents
than among local populations. The present study aug-
ments the original one-level model of population sub-
division (Sinnock and Sing 1972; Nei and Li 1973) by
extending it to a second level. Because it was found
that the effects of population subdivision were greater
among continents than among local populations, this
extension represents an important advance in resolu-
tion. Moreover, the fact that linkage disequilibrium
among local populations was statistically significant
suggests a cautionary note to the genetic epidemiolo-
gist considering mixing local populations to fine map
disease genes.

Hill and Robertson’s (1968) model did not fit the
data well. This observation suggests that simple models
do not provide a reasonable framework for understand-

ing worldwide linkage disequilibrium at ALDH2. Vio-
lating the assumptions of the model, ALDH2 linkage
disequilibrium was likely maximal in a finite-sized an-
cestral population. Further, natural selection may have
acted (R.J. Peterson, D. Goldman, and J.C. Long, in
prep.), mutation is evident, human population sizes
have not been equal (Urbanek et al. 1996), and the
hierarchy of human populations is not balanced (Nei
and Roychoudhury 1993). This suggests that other
simple models, such as Ohta’s (1982a,b) partition of
the variance of linkage disequilibrium, will also not fit
the data well.

The extension of the model of Nei and Li (1973) to
two levels provided valuable insights that would have
been missed with a one-level partition. However, it can
also be concluded that this simple two-level partition
was inadequate to fully describe the effects of human
demographic history on ALDH2 linkage disequilib-
rium. Perhaps the crucial improvement is to model un-
equal rates of evolution and a realistic human popula-
tion phylogeny (Nei and Roychoudhury 1993; Ur-
banek et al. 1996). The emergence of fine-scale
haplotype data for many genes in many populations is
likely to provide continuing impetus to incorporate
population subdivision into coalescence models of
linkage disequilibrium (Rannala and Slatkin 1998).

METHODS

Molecular Methods and Population Samples
ALDH2 is defined as the segment of DNA from which aldehyde
dehydrogenase 2 is transcribed (Fig. 1). The six sites analyzed
here are a subset of the 12 sites reported by Peterson et al.
(1999). The six sites not included in this analysis had only a
rare variant, and rare variants are uninformative of the effects
of population subdivision on linkage disequilibrium. Site 1
was discovered by M. Stewart (pers. comm.). Sites 2, 3, 5, and
6 were discovered by Peterson et al. (1999). Site 12 is the site
that defines the well-known Glu-487–Lys deficiency allele
(Yoshida et al. 1984). PCR, restriction enzymes, and SSCP
methods were used to genotype the variable sites. Genotypes
were collected on a worldwide sample consisting of Africa, 51
Biakans; Asia, 24 Cambodians, 47 Han Chinese, 49 Japanese,
40 South Koreans, 43 Taiwanese, and 50 Black Thai; Europe,
32 Ceph, 41 Finns, 45 Swedes; North America, 51 Cheyenne,
50 Maya, 46 Navajo, 45 Pima; and South America, 49 Kariti-
ana, 44 Rondonian Surui, and 49 Ticuna. Samples were pro-
vided and donated by a variety of researchers (Peterson et al.
1999).

Statistical Analyses
For each site, the allele with the higher worldwide frequency
was assigned to be the reference allele. Because phase-
unknown multi-site genotypes were collected, haplotype
states and frequencies were estimated by maximum-
likelihood using an expectation-maximization (E-M) method
(Dempster et al. 1977). Details of this method, and the asso-
ciated jackknife standard errors, are presented in Long et al.
(1995) and Peterson et al. (1999).

The number of segregating sites in each population
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ranged from four to six. A contingency table x2 test for de-
parture from single-site Hardy-Weinberg expectation (Weir
1996) was applied to each segregating site in each population.
Altogether, 68 tests were performed. Four tests had P-values of
<5%. These tests lacked independence due to the correlation
of alleles among sites. Despite this result, it is reasonable to
conclude that this number of departures from Hardy-
Weinberg expectation reflects sampling fluctuation under the
null hypothesis.

For linkage disequilibrium analysis, the two-site haplo-
type frequencies were obtained from the six-site haplotype
frequencies by summing frequencies of all haplotypes with
each specific combination of alleles at the two sites (Long et
al. 1995). Linkage disequilibrium in the worldwide data set
was partitioned as follows, where DT, DW, DSC, and DCT are as
defined in the Results. Suppose there are K populations across
C continents, and Kc populations on the cth continent. With
respect to the total sample, each population has relative size
wi, with

(
i = 1

K

wi = 1.0

and each continent has relative size wc, with

(
c = 1

C

wc = 1.0

With respect to a continental pooling, each population has
relative size

(
i = 1

Kc

wci = 1.0

Following Nei and Li (1973),

DW = (
i = 1

K

wiDi

DSC = (
c = 1

C

(
i = 1

Kc

wci~pci − pc!~qci − qc!

DCT = (
c = 1

C

wc~pc − pT!~qc − qT!

Here, pci is the reference allele frequency at the first site in the
ith population on the cth continent, and qci is the analogous
reference allele frequency at the second site. As these equa-
tions show, DSC and DCT reflect allele frequency differences
among populations (Sinnock and Sing 1972). Because of this
diff., DW, DSC, and DCT were normalized to the total linkage
disequilibrium such that dW = DW/DT, dSC = DSC/DT and
dCT = DCT/DT. Standard errors were calculated by use of a
bootstrap method.

The variance of linkage disequilibrium is D2 in replicate
subpopulations of finite size drawn from a population ini-
tially in linkage equilibrium (Hill and Robertson 1968). Be-
cause D2 depends on allele frequency, it is normalized to the
variances of allele frequency to obtain the squared correlation
coefficient (r2). In relation to FST, E[r2] = [6(1 1 FST)=
5(1 1 FST)3 1 (1 1 FST

6] 15(Hill and Robertson 1968). F-
statistics for a two-level partition with equal effects were es-
timated using the method of Urbanek et al. (1996). The rela-
tionship (1 1 FST) = (1 1 FSC)(1 1 FCT) (Wright 1978) was
used to obtain FST. Standard errors of the estimates were ob-
tained by use of a jackknife procedure (Weir 1996).
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